Many bacteria convert bicyclic compounds, such as indole and naphthalene, to oxidized compounds, including hydroxyindoles and naphthols. Pseudomonas aeruginosa, a ubiquitous bacterium that inhabits diverse environments, shows pathogenicity against animals, plants, and other microorganisms, and increasing evidence has shown that several bicyclic compounds alter the virulence-related phenotypes of P. aeruginosa. Here, we revealed that hydroxyindoles (4-and 5-hydroxyindoles) and naphthalene derivatives bearing hydroxyl groups specifically inhibit swarming motility but have minor effects on other motilities, including swimming and twitching, in P. aeruginosa. Further analyses using 1-naphthol showed that this effect is also associated with clinically isolated hyperswarming P. aeruginosa cells. Swarming motility is associated with the dispersion of cells from biofilms, and the addition of 1-naphthol maintained biofilm biomass without cell dispersion. We showed that this 1-naphthol-dependent swarming inhibition is independent of changes of rhamnolipid production and the intracellular level of signaling molecule cyclic-di-GMP (c-di-GMP). Transcriptome analyses revealed that 1-naphthol increases gene expression associated with multidrug efflux and represses gene expression associated with aerotaxis and with pyochelin, flagellar, and pilus synthesis. In the present study, we showed that several bicyclic compounds bearing hydroxyl groups inhibit the swarming motility of P. aeruginosa, and these results provide new insight into the chemical structures that inhibit the specific phenotypes of P. aeruginosa.
P
seudomonas aeruginosa is a ubiquitous bacterium that colonizes various environments. This environmental bacterium can survive not only in planktonic form but also in surface-associated communities known as biofilms (1) . P. aeruginosa is also an opportunistic social pathogen that affects humans, animals, and plants and that produces various virulence factors. Because these virulence factors also possess antimicrobial activities, other microbes have multiple strategies to cope with P. aeruginosa virulence, such as the production or conversion of chemicals that repress P. aeruginosa social behaviors (2) . Understanding the interactions between external chemicals and P. aeruginosa would facilitate the development of virulence inhibitors that do not affect the growth of this bacterium, thereby preventing the development of drug resistance.
P. aeruginosa has an exquisite mechanism to creatively use three different types of motilities (swimming, twitching, and swarming) that potentially facilitate colonization in various environmental niches. Motilities are significantly involved in the surface attachment and maturation of biofilms (3, 4) . Swimming in aqueous environments is mediated through flagella, while twitching on solid surfaces is mediated through type IV pili. Swarming is described as a social phenomenon involving the coordinated and rapid movement of bacteria across a semisolid surface using both flagella and type IV pili (5) . Swarming is necessary for differentiation into specialized cells through elongation and hyperflagellation (6) . To reduce surface tension, swarming P. aeruginosa cells also secrete rhamnolipids (RLs), amphiphilic glycolipids composed of L-rhamnose and 3-hydroxyalkanoic glycolipids (7) . The production of RLs is regulated through the Rhl system, a cell density-dependent gene expression system based on quorum sensing (7) .
Swarming motility is significantly involved in various phenotypes in P. aeruginosa. For example, swarming cells are more resistant to antibiotics than nonswarming cells and show increased gene expression for virulence factor production compared to that of swimming cells (8, 9) . Thus, understanding the regulation of swarming motility is important for the development of treatment against this bacterium. Several global analyses have shown that a wide range of genes, including regulatory, metabolic, chemosensory, secretory, and hypothetical genes, affect swarming motility in P. aeruginosa (9) (10) (11) . In addition, the transcriptional profiles are quite different in the areas at the center and on the edge of swarming cells, suggesting that swarming cells are a phenotypically heterogeneous population (11) . Hence, swarming might be a highly organized form of motility involving multiple functions, the regulation of which is remarkably complex. It has been previously reported that P. aeruginosa swarming motility is inhibited by several compounds, including branched-chain fatty acid anteiso-C 15:0 , cranberry proanthocyanidins and other tannins, and several amino acids, such as arginine (12) (13) (14) . However, the detailed mechanisms underlying swarming inhibition remain unknown.
It has been shown that various P. aeruginosa phenotypes are regulated through bicyclic compounds synthesized or converted by other organisms (2) . P. aeruginosa possesses an acyl-homoserine lactone-independent quorum-sensing system that utilizes 2-heptyl-3-hydroxy-4(1H)-quinolone (PQS, for Pseudomonas quinolone signal) to regulate many virulence factors, including pyocyanin and exoenzymes, biofilm formation, and membrane vesicle formation (15) (16) (17) (18) . Particularly, PQS-regulated phenotypes are controlled through various bicyclic compounds. Farnesol, a cell-to-cell signal in Candida albicans, represses PQS-regulated virulence factors through direct binding with the PQS receptor PqsR (19) . Indole, a signaling molecule in Escherichia coli (20) , also represses PQS-regulated virulence (21, 22) , but the mechanism of this activity remains unknown. Indeed, this effect is not limited to indole as many bicyclic compounds, including hydroxyindoles, isatins, and naphthalene derivatives, such as naphthols, also repress P. aeruginosa virulence (22) . Hydroxyindoles and isatins are oxidized from indole in many bacteria, such as Pseudomonas spp. and Burkholderia spp. (23, 24) . Naphthalene and naphthalene derivatives are widely used as useful chemicals (insecticide, dyestuff, surfactant, etc.), and several microorganisms convert naphthalene into naphthols (25, 26) . Thus, there are many ubiquitous environmental bicyclic compounds that affect P. aeruginosa phenotypes.
It would be interesting to determine how chemical compounds in the environment affect bacterial social behaviors. Understanding the interactions between chemical compounds and P. aeruginosa would provide new insights into the regulation of the virulence of this pathogen in both environmental and clinical settings. Here, we investigated the effects of bicyclic compounds, including indole and naphthalene derivatives, on swarming motility, a social behavior of P. aeruginosa. The results indicated that bicyclic compounds bearing hydroxyl groups, such as 4-hydroxyindole (4HI), 5-hydroxyindole (5HI), and 1-naphthol, inhibit swarming motility in P. aeruginosa. We used 1-naphthol for further analyses and showed that this compound also inhibits biofilm dispersion. Transcriptome analyses suggested that 1-naphthol regulates the expression of various swarming-related and efflux pump-encoding genes in P. aeruginosa.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Pseudomonas aeruginosa PAO1 (27) was used as a model organism in this study. PAO1 mutants, including the ⌬rhlR and ⌬mexAB-oprM strains, were previously constructed (28, 29) . Clinical isolates of P. aeruginosa were provided from Okayama University, Japan (30) . For routine culture, P. aeruginosa was cultured at 37°C in lysogeny broth (LB Lennox; Nacalai, Kyoto, Japan) medium with shaking at 200 rpm or LB plates containing 1.5% (wt/vol) agar. Bicyclic compounds were solubilized in dimethyl sulfoxide (DMSO) and added to the medium at a final concentration of 500 M. Each liquid culture was initiated at a 660-nm optical density (OD 660 ) of 0.01. Growth was measured according to the optical density at 660 nm. The optical density was measured using a Beckman Coulter DU640 spectrophotometer with a 2-mm gap cuvette. Escherichia coli DH5␣ was used for molecular techniques. When necessary, gentamicin was added at concentrations of 10 g/ml for E. coli and 50 g/ml for P. aeruginosa.
Motility assays. A swarming motility assay was performed on a petri dish using a previously described method (31) . Briefly, M9 minimal plates (0.2% glucose, 0.5% Casamino Acids [CAA], and 0.5% agar) containing various naphthalene derivatives were dried for 1 h. The naphthalene compounds were dissolved in dimethyl sulfoxide (DMSO) and subsequently added to each agar medium at a final concentration of 500 M. An equal amount of DMSO was separately added to agar medium as a control. Stationary-phase cultures of P. aeruginosa were washed twice with phosphate-buffered saline (PBS) and adjusted to an OD 660 of 3.0; an aliquot of 5 l was carefully spotted onto the center of agar plates. The plates were incubated at 30°C for 12 h, and the experiments were performed in triplicate. A filter paper disc assay was conducted to determine whether 1-naphthol would repel swarming bacteria using a previously described method (14) . Whatman filter paper discs (GE Healthcare Life Sciences, Pittsburgh, PA) were soaked with 10 l of 1-naphthol at various concentrations (0 to 50 mM in DMSO). Subsequently, the discs were placed onto M9 medium containing 0.5% agar, and P. aeruginosa was spotted onto the center of the agar plates. The bacteria were grown at 30°C for 12 h.
Swimming assays were performed on LB plates containing 0.3% agar as previously described (32) . Swimming was assessed after 24 h of growth at 30°C. The twitching assays were performed on LB plates containing 1% agar, according to a previously described method (13) . The twitching assay plate was incubated at 37°C for 24 h.
Biofilm quantification, visualization, and image analysis. For the biofilm assays, stationary-phase cultures were inoculated to a final concentration equivalent to an OD 660 of 0.01 into 100 l of LB medium in 96-well microtiter plates made of polyvinylchloride. The plates were incubated at 37°C under aerobic conditions. After 6 h, naphthalene-derivative compounds were added at 500 M in LB liquid medium. After the planktonic cells were removed, crystal violet staining and the quantification of biofilms were performed as previously described (3). The biofilm was visualized using confocal laser scanning microscopy (CLSM) as previously described (33) . The cells were grown in Nunc flasks, and the attached biofilm was observed using a Carl Zeiss Pascal laser scanning microscope equipped with a 63ϫ/1.4-numerical aperture Plan-Apochromat objective and a 40ϫ/0.80-numerical aperture IR Achroplan W water immersion objective (Carl Zeiss, Jena, Germany). For confocal reflection microscopy (CRM), the biofilms were illuminated with a 488-or 514-nm argon laser, and the reflected light was collected through a 470-to 500-nm or 505-to 530-nm band pass filter, respectively, to avoid the influence of auto-fluorescence (34) . An NT 80/20 half mirror (Carl Zeiss) was used as a beam splitter. The confocal images were analyzed using Carl Zeiss LSM 5 Pascal software (version 3.5; Carl Zeiss). For biovolume quantification, the confocal images were analyzed using the COMSTAT computer program (35) with MATLAB (MathWorks, Natick, MA, USA).
Rhamnolipid analysis. The cultures were initially adjusted to an OD 660 of 0.01 and grown in M9 minimal medium at 30°C and 200 rpm for 12 h. The concentration of rhamnolipid (3-deoxy-hexose) in the culture supernatant was measured using an orcinol assay as previously described (36) . The orcinol assay is a colorimetric test to determine the amount of hexose sugars. The culture supernatant (10 to 300 l) was diluted with water to obtain a volume of 300 l and extracted twice with 600 l of diethyl ether. The pooled ether fractions were evaporated to dryness, and the pellet was dissolved in 100 l of distilled water and mixed with 100 l of 1.6% orcinol and 800 l of 60% sulfuric acid. After the sample was heated to 80°C and subjected to shaking for 30 min, the absorbance was measured at 421 nm. The content of rhamnose in the samples was determined by comparing results with rhamnose standards that had a defined concentration. Rhamnolipid concentration was calculated based on the assumption that 1 g of rhamnose corresponds to 2.5 g of rhamnolipid (37) . To harvest a large amount of rhamnolipid, the cultures were initially adjusted to an OD 660 of 0.01 and grown in 100 ml of PPGAS medium (0.02 M NH 4 Cyclic di-GMP reporter assay. The intracellular cyclic-di-GMP (c-di-GMP) level was quantified using a reporter plasmid containing the promoter of cdrA (38) . The DsRed-based promoter probe plasmid, pMEXDsRed, was constructed by reference to a previous report (39) . The region of the DsRed gene was amplified from pDsRed-Express (Clontech, Palo Alto, CA, USA) by PCR using the primer pair GfpF1/dsredR1 ( Table 1) . The amplified fragment was digested with NcoI/XhoI and subcloned into a similarly digested pET15b plasmid (Novagen). For the construction of pMEX-DsRed, the promoter region of cdrA was amplified by PCR with PAcdrAPF/PAcdrAPR primers (Table 1) , digested by BamHI and EcoRI, and inserted into the multicloning site of pMEX9-DsRed. A region containing a ribosome binding site-fused DsRed gene was amplified by PCR with the primer pair pET15b-kpn/dsredR2 (Table 1) , digested with KpnI/ SacI, and cloned into similarly digested pMEX9 plasmid to replace the xylE reporter gene with a gene encoding DsRed. Cells grown in M9 medium containing gentamicin were collected, and fluorescence (excitation, 554 nm; emission, 586 nm) was measured at 37°C with a fluorometer (Varioskan Flash; Thermo Scientific, Waltham, MA, USA). Data are presented as arbitrary fluorescence intensity units normalized to cell growth (OD 600 ). DsRed expression of cells harboring promoterless pMEX9-DsRed was used as a reference.
Whole transcriptome analysis using a tiling array. A microarray analysis of PAO1 chromosomes was performed as previously described (40) using the database sequencing of PAO1 (GenBank accession number NC_002516) with 25-mer perfect-match probes overlapped and offset by 11 nucleotides. The synthesis, fragmentation, labeling, and detection of cDNA were performed as described previously (41) . Briefly, total RNA was extracted in parallel from two independent M9 liquid cultures (the turbidity of each culture was 0.6 at 660 nm) using RNAProtect Bacteria reagent (Qiagen, Valencia, CA) and NucleoSpin RNA II (Macherey-Nagel GmbH and Co., KG, Düren, Germany). After DNA degradation with RQ1 RNase-free DNase (Promega, Madison, WI) and purification using NucleoSpin RNA II, single-stranded cDNA was synthesized using random primers (Invitrogen, Carlsbad, CA), SuperScript II (Invitrogen), and deoxynucleoside triphosphates (dNTPs), including dUTP (Roche Applied Science, Mannheim, Germany). The synthesis of cDNA was performed in the presence of actinomycin D (ActD) to prevent the generation of spurious second-strand cDNA, as previously described (42) . The template RNA was degraded using NaOH, and the cDNA was purified using a QIAquick PCR purification kit (Qiagen). Fragmentation, labeling, and detection were performed as previously described (40) .
Quantitative RT-PCR (qRT-PCR) analysis. RNA was extracted from a P. aeruginosa PAO1 culture (OD 660 of 0.6 in M9 medium) using an RNA extraction kit (Promega), and the DNA was removed using a Turbo DNase kit (Life Technologies). The cDNA synthesis and real-time reverse transcription-PCR (RT-PCR) analysis were performed as previously described with some modifications (43) . Briefly, 1 g of RNA was used for reverse transcription using RT SuperScript II (Invitrogen, Carlsbad, CA) with random hexamers. The cDNA was used as a template for PCR with the primers shown in Table 1 . Real-time RT-PCR was conducted using a LightCycler (Roche) and a LightCycler FastStart DNA Master Plus SYBR green I kit. The proC gene was used as an internal control (44) , and the data were normalized to proC expression.
Determination of MICs of antibiotics. Comparative MIC determinations were performed with LB medium-agar containing diluted antibiot- The cells were inoculated at the center of a plate containing M9 swarming medium and 0.5% agar with or without each compound and incubated at 30°C for 12 h. (A) The effects of various compounds on swarming motility. Each compound was added at 500 M, with the exception of 1,2-dihydroxynaphthalene, which was added to the medium at 250 M. Three independent experiments were performed, and representative data are shown. (B) Dose-dependent effect of 1-naphthol (0, 5, 50, and 500 M) on swarming motility. Three independent experiments were performed, and representative data are shown.
TABLE 1 Primers used in this study
Primer name
The added restriction sites in the primers are underlined.
ics. Cells were grown in LB medium until they reached the stationary phase and then diluted to an optical density at 660 nm (OD 660 ) of 0.1. Five microliters of diluted cells was spotted onto LB medium-agar plates containing several concentrations of antibiotics and grown at 37°C for 24 h. Microarray data accession number. The two sets of the array data have been deposited in the Gene Expression Omnibus (GEO) of the NCBI (http://www.ncbi.nlm.nih.gov/geo/) under GEO series accession number GSE60343.
RESULTS
The growth of P. aeruginosa with bicyclic compounds. To determine whether bicyclic compounds show toxicity to P. aeruginosa, bacterial growth was examined in the absence and presence of bicyclic compounds, including indole, 4HI, 5HI, naphthalene, 1-naphthol, 2-naphthol, 1,2-dihydroxynaphthalene (1,2-DHN), 2,3-dihydroxynaphthalene (2,3-DHN), and 1-aminonaphthalene. All compounds, except 1,2-DHN, showed no effect at 500 M on growth either in liquid culture or on agar plates, and 1,2-DHN did not repress bacterial growth at 250 M under this experimental condition. This concentration (500 M) is similar to the extracellular indole concentration observed in the supernatant of E. coli grown in a rich medium (20) .
Inhibition of swarming motility by bicyclic compounds. The effect of bicyclic compounds on the swarming motility of PAO1 on 0.5% agar was examined, and the results showed that several bicyclic compounds, including 4HI, 5HI, 1-naphthol, 1,2-DHN, 2,3-DHN, and 1-aminonaphthalene, inhibited swarming motility (Fig. 1A) . Interestingly, indole and naphthalene, which do not have a functional group, did not inhibit swarming motility. Furthermore, 2-naphthol, a structural analog of 1-naphthol, with a hydroxyl group at the neighboring carbon, showed markedly less inhibition of motility than 1-naphthol. These results suggest that the occurrence and position of a hydroxyl group largely affect the inhibition of swarming motility. Further analyses were conducted using 1-naphthol, which completely inhibited PAO1 swarming motility. Similarly, 1-naphthol inhibited the swarming motility of P. aeruginosa in a dose-dependent manner, and swarming was completely abolished at concentration of 50 M or more (Fig.  1B) . When swarming-inhibited cells on 1-naphthol swarming plates (12 h) were transferred to new swarming plates without 1-naphthol, the cells resumed active swarming motility, suggesting that 1-naphthol did not induce mutations in the genes required for swarming motility (data not shown). Furthermore, 1-naphthol and all compounds tested did not inhibit swimming motility and had minor effects on the twitching motility of PAO1 (Fig. 2) , suggesting that motility inhibition by 1-naphthol is effective for swarming and that 1-naphthol does not affect the function of flagella, which are required for swimming.
Inhibition of swarming motility in clinical isolates of P. aeruginosa. Hyperswarmers, which naturally emerge inside biofilms originally developed from normal swarming cells, have been observed in P. aeruginosa (45) . To determine whether the effect of 1-naphthol on swarming motility is relevant for other P. aeruginosa cells, we isolated clinical strains of P. aeruginosa, including hyperswarming strains, from patients with urinary tract infections (isolate numbers 227, 233, 287, 401, 428, and 433). The results of the swarming assay showed that both 287 and 401 exhibited hyperswarming motility compared with the motility of PAO1, and 500 M 1-naphthol completely inhibited the swarming motility of these clinical isolates (Fig. 3) . Notably, treatment with 500 M 1-naphthol did not inhibit the growth of these clinical isolates (data not shown). These results suggest that 1-naphthol could be used as a strong inhibitor against swarming motility in P. aeruginosa strains with hyperswarming phenotypes.
Repellent effect of 1-naphthol on swarming cells. To further evaluate whether 1-naphthol affects bacterial cells exhibiting swarming motility, filter paper discs were soaked with various concentrations of 1-naphthol solution (0 to 5 mM) and subsequently placed onto 0.5% agar plates inoculated with P. aeruginosa. When swarming cells approached the discs, an altered course of direction and migration around the discs soaked with more than 50 M 1-naphthol was observed (Fig. 4) , suggesting that 1-naphthol acts as a repellent.
Inhibition of biofilm dispersion. Biofilm development is a (45, 46) , and it is assumed that 1-naphthol inhibits the dispersion of biofilm. To confirm this hypothesis, the time course of biofilm formation with and without 1-naphthol was examined using crystal violet staining. The results showed that the addition of 1-naphthol inhibited the dispersion of the matured biofilm, whereas the control biofilm dispersed after 9 h (Fig. 5A) . CLSM analysis revealed that 1-naphthol inhibited the dispersal of 12-h biofilm, whereas in the absence of 1-naphthol, the control biofilm was dispersed (Fig. 5B) . The biofilm quantification analysis using COMSTAT indicated that the addition of 1-naphthol increased biofilm biomass 15-fold compared with the control (0.3 Ϯ 0.02 versus 0.02 Ϯ 0.005 m 3 / m 2 ). Additionally, exposure to naphthalene as a negative control (no inhibition of swarming) did not inhibit the biofilm dispersal, which was similar to that of the control. These results indicate that 1-naphthol inhibits the dispersion of biofilm in P. aeruginosa.
Rhamnolipid production. Extracellular amphiphilic biosurfactant rhamnolipids promote swarming motility (47) , and it is assumed that the inhibition of rhamnolipid production could be the mechanism underlying the inhibition of swarming motility through 1-naphthol. Rhamnolipid production was examined by orcinol assay, and the result showed A 420 /OD 660 values of 0.38 Ϯ 0.13 and 0.33 Ϯ 0.06 in the absence and presence of 1-naphthol, respectively, suggesting that rhamnolipid production was not changed by 1-naphthol. The rhlR mutant, used as a negative control in this assay, did not produce rhamnolipid (A 420 /OD 660 , 0.02 Ϯ 0.04). To further investigate the effect of 1-naphthol on rhamnolipid production, the expression of the rhamnolipid synthetic gene rhlA was examined by qRT-PCR. The expression of rhlA in the presence of 1-naphthol was 1.3-fold (Ϯ 0.3-fold) that of expression in its absence. These results suggest that the swarming inhibition through 1-naphthol does not result from defects in rhamnolipid production.
Intracellular level of c-di-GMP.
It has also been reported that several amino acids, such as L-arginine, inhibited swarming motility in P. aeruginosa through the enhancement of intracellular c-di-GMP (12) . Intracellular levels of c-di-GMP inversely affect swarming motility and biofilm formation (48) . Since 1-naphthol inhibited swarming motility and maintained the amount of biofilm formation at later stages of development in P. aeruginosa, it is assumed that the intracellular c-di-GMP level is increased by 1-naphthol. A fluorescence-based reporter plasmid was constructed by reference to a previous report (38) , and the intracellular c-di-GMP levels were examined in the absence and presence of 1-naphthol. The level of c-di-GMP with 1-naphthol was 0.79-fold Ϯ 0.54-fold that of the level without it, suggesting that the inhibitive effect of 1-naphthol on swarming is not associated with the intracellular c-di-GMP level.
Whole transcriptional analysis with 1-naphthol. To reveal the genetic mechanism of swarming inhibition through 1-naphthol on a global basis, we performed DNA microarray analysis using exponential cells grown in minimal medium. The expression of 119 genes was significantly affected more than 2-fold upon the addition of 1-naphthol; 18 genes were upregulated (Table 2) , and 101 genes were downregulated (Table 3) . Notably, multidrug efflux transporter genes (mexAB and mexF) and fluorescent siderophore pyoverdine synthesis-related genes (pvdQ, pvdT, pvdN, and pvdO) were highly expressed ( Table 2 ). The nalC gene (Table  2) , a positive regulator of the efflux pump MexAB-OprM (49) , showed the highest upregulation with 1-naphthol.
The expression of various genes was repressed through 1-naphthol (Table 3) . Nine genes related to the type VI protein secretion system were repressed more than 2-fold. Particularly, hcpA, hcpB, and hcpC were significantly repressed with 1-naphthol, showing 6.3-, 5.9-, and 5.6-fold repression, respectively. The pyochelin synthesis operon (pch) was repressed through 1-naphthol. Although 1-naphthol represses PQS synthesis in rich medium (22) , the PQS synthesis operon (pqs) and PQS-regulated virulence-coding genes, including the pyocyanin synthesis operon (pch), were not repressed in minimal medium, with the exception of pyochelin. Flagellar-related genes (flgC, flgD, and flgG), aerotaxis-related genes (aer and aer2), type IV pilus-related genes (pilA and pilB), and several chemotaxis transducer-coding genes were repressed (2-to 4-fold). Many of the genes associated with the metabolism and transport of small molecules were repressed.
Transcriptional analysis through qRT-PCR with 1-naphthol or 4-HI.
To verify the results of the microarray and investigate the effects of 4HI on gene expression, qRT-PCR analysis was conducted (Fig. 6) . The expression of both mexB and nalC was increased in the presence of not only 1-naphthol but also 4HI. The expression of the pyochelin synthesis gene pchG was significantly inhibited with either 1-naphthol or 4HI (Fig. 6) . Swarming motility requires both flagella and pili, and the qRT-PCR analysis showed that the expression of the related genes was partially repressed through 1-naphthol and 4HI: 0.58-fold (flgG) and 0.56-fold (pilB) with 1-naphthol and 0.61-fold (flgG) and 0.76-fold (pilB) with 4HI. The expression of aer was also repressed with 1-naphthol and 4HI (0.68-and 0.65-fold, respectively).
The effect of 1-naphthol on resistance. MexAB-OprM contributes to the intrinsic resistance of bacteria to a number of antibiotics, including fluoroquinolones, ␤-lactams, tetracycline, macrolides, chloramphenicol, novobiocin, trimethoprim, and sulfonamides (50) . As 1-naphthol increased the expression of mexA and mexB (Table 3) , we hypothesized that 1-naphthol would also affect the resistance of bacteria to antibiotics. When MICs were examined, the addition of 1-naphthol increased resistance against tetracycline and the fluoroquinolone ofloxacin. MICs for tetracycline in the absence and presence of 500 M 1-naphthol were 64 and 128 g/ml, respectively, and these values for ofloxacin were 8 and 16 g/ml, respectively. The resistance to the aminoglycoside gentamicin was not affected by MexAB-OprM, and the MIC (64 g/ml) was not changed after the addition of 500 M 1-naphthol. These results suggest that the presence of 500 M 1-naphthol increased MexAB-OprM-related antibiotic resistance. Furthermore, to determine whether MexABOprM is associated with 1-naphthol efflux, the growth of wild-type (WT) and ⌬mexAB-oprM bacteria was compared under several concentrations of 1-naphthol. The WT bacteria grew well, but the ⌬mexAB-oprM strain did not grow in the presence of 1,250 M 1-naphthol, suggesting that MexAB-OprM is associated with resistance to 1-naphthol.
DISCUSSION
Swarming is significantly associated with various phenotypes of P. aeruginosa; swarming cells are more resistant to antibiotics, and virulence factor expression is higher than that in planktonic cells (8, 9) . Therefore, the inhibition of swarming motility is significantly important to control the behavior of P. aeruginosa. In the present study, we revealed that hydroxyindoles and hydroxynaphthalenes drastically inhibit the swarming motility of P. aeruginosa without affecting growth. Particularly, 1-naphthol exhibits a strong inhibitory effect against swarming motility in various strains, such as hyperswarming clinical isolates.
We previously reported that various bicyclic compounds (indole, naphthalene, and their derivatives) repress PQS synthesis and PQSregulated phenotypes, including membrane vesicle production and pyocyanin synthesis (22) . The detailed mechanism underlying this effect remains unknown, but the inhibition through indole does not involve the binding of receptor PqsR to PQS. Here, we showed that some bicyclic compounds repress swarming motility in P. aeruginosa. Interestingly, indole and naphthalene did not affect swarming motility, while the hydric compounds of these molecules successfully repressed this activity (Fig. 1A) . Lee et al. reported that indole repressed swarming motility (21) , and this discrepancy might reflect the use of different media. These authors also showed that 7-hydroxyindole abolished swarming motility, and this result is consistent with the results of the present study showing that the hydric groups of bicyclic compounds strengthen inhibitory activity against P. aeruginosa swarming. Notably, the potency of swarming inhibition is different between the naphthalene derivatives 1-naphthol and 2-naphthol (Fig. 1A) , suggesting that the presence and structural location of the hydroxyl groups are important to inhibit P. aeruginosa swarming motility.
Swarming motility is controlled through Rhl (32, 51) , and Rhlregulated rhamnolipid synthesis is required for swarming motility in P. aeruginosa (45, 48) . In this study, we showed that rhamnolipid production was equivalent with or without 1-naphthol, using colorimetric analysis and qRT-PCR analysis, suggesting that the inhibitive effect of 1-naphthol on swarming does not result from defects in rhamnolipid production. The decreased intracellular level of c-di-GMP is also an important factor in swarming motility behavior in P. aeruginosa (52) . A plasmid-based reporter analysis showed that intracellular level of c-di-GMP was not altered by 1-naphthol. The synthesis of c-di-GMP from two molecules of GTP is catalyzed by diguanylate cyclases (DGCs), and the breakdown of c-di-GMP is catalyzed by phosphodiesterases (PDEs) (53) . We also confirmed that expression of genes encoding neither DGCs nor PDEs was altered by 1-naphthol in microarray analysis. Hence, it is suggested that swarming inhibition by 1-naphthol is independent of changes in the intracellular level of c-di-GMP. Furthermore, it has been reported that PQS and phenazine-1-carboxylic acid (PCA), a precursor of pyocyanin whose synthesis is positively regulated by PQS, repress swarming motility via a pathway different from that of c-di-GMP (51). 1-Naphthol repressed PQS and pyocyanin production in LB medium (22) , whereas genes coding for the synthesis of PQS, PCA, and pyocyanin were not altered, based on microarray analysis in minimal medium, suggesting that swarming inhibition by 1-naphthol does not alter PCA synthesis. However, little is known about the downstream mechanism to repress swarming motility by PCA as well as 1-naphthol. Thus, our data indicated that the inhibitive effect of 1-naphthol on swarming motility in minimal medium is via a yet known mechanism independent of rhamnolipid production and c-di-GMP level; whether the inhibitory effect of 1-naphthol is linked with the mechanism of PCA-dependent swarming repression remains unknown.
Microarray analysis showed that the expression of flagellarrelated protein synthesis genes, including flgC, flgD, and flgG, was repressed with 1-naphthol ( Table 2) . Although both swimming and swarming motility require flagellum-driven motility, 1-naphthol significantly inhibited swarming motility but did not affect swimming motility in P. aeruginosa, suggesting that something other than the flagella greatly contributes to the inhibition of swarming through 1-naphthol. Expression levels of pilA and pilB, required for both swarming and twitching motility, were repressed through 1-naphthol, and twitching motility was slightly repressed by 1-naphthol. The repression of pilus synthesis by 1-naphthol is considered to be one of the means by which it represses swarming motility, but this cannot be the complete explanation of the mechanism that represses swarming motility. The synergetic effect of pilus synthesis repression with a yet unknown mechanism probably causes the inhibition of swarming by 1-naphthol in P. aeruginosa.
Interestingly, the resistance to tetracycline and ofloxacin increases the response to 1-naphthol, probably due to upregulation of mexAB expression. Although it has been reported that swarming cells develop antibiotic resistance (8, 9) , little is understood about the effect of efflux pump overexpression on swarming motility. Therefore, it remains unknown whether the inhibitory effect of 1-naphthol on swarming motility is due to upregulation of mexAB. Because the resistance to 1-naphthol decreased in the ⌬mexAB-oprM strain compared to that in the WT strain, MexABOprM may be associated with the efflux of 1-naphthol in response to 1-naphthol in the milieu. Hence, the resistance to tetracycline and ofloxacin may be the side effect of eliminating 1-naphthol from cells.
In conclusion, the results of the present study revealed that hydroxyindoles and naphthalene derivatives influence the social behavior and swarming motility of P. aeruginosa. While naphthalene derivatives are ubiquitous in natural environments, information about the effects of these compounds on bacteria is scarce. Thus, the results of the present study could provide a better understanding of the bacterial response to these compounds and contribute useful information for the design of novel agents to control the phenotypes of the opportunistic pathogen P. aeruginosa.
